Background: Diagnosis of adolescent polycystic ovary syndrome (PCOS) remains a challenge despite several existing criteria, and may be difficult to distinguish from pubertal changes. Different parameters to study ovarian function using ultrasonography have been proposed, but there is still no consensus about their diagnostic value. Objective: To evaluate the role of ultrasonography in the diagnosis of adolescent PCOS by reviewing available studies that assessed the ovarian volume (OV) and other ovarian morphological features such as location and number of follicles, stromal area, and volume. Methods: MEDLINE/PubMed database were searched to identify studies that assessed ovarian characteristics of adolescent PCOS patients by ultrasound. Studies on adults were also reviewed if study population included adolescents and stromal characteristics were assessed by three-dimensional (3D) sonogram. Results: Five studies, including 262 PCOS adolescents (10-19 years of age) and two-dimensional (2D) ultrasound analysis, were identified. Mean OV was 9.29 cm 3 for PCOS patients and 4.77 cm 3 for controls. The morphology of ovarian follicles, when reported, showed multiple ( > 10) peripheral follicles in 83% of cases. Two studies, including 157 PCOS adolescents and young women (15-35 years of age) and 2D and 3D ultrasound analysis, were identified. Patients with PCOS patients had a MOV 13.1 cm
Introduction
Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders affecting up to 6%-10% of reproductive-age women (1) . Symptoms of PCOS can often be traced to the peripubertal years and may present as premature adrenarche. The pathogenesis of PCOS is difficult to ascertain as it is considered a complex multigenetic disorder characterized by disordered gonadotropin release from the pituitary and abnormal ovarian steroidogenesis (2) . Although the presentation of PCOS varies widely, some of the key features of PCOS include menstrual irregularity, clinical and biochemical hyperandrogenism, and polycystic-appearing ovaries. It is often associated with obesity and insulin resistance. However, in adolescents the PCOS features may be difficult to distinguish from pubertal changes. In general, menstrual abnormalities are common in adolescents immediately following menarche and may be a less reliable diagnostic feature of PCOS (3) . In addition, increased ovarian and adrenal androgen production during puberty may lead to increased acne and mild hirsutism. Thus, PCOS in adolescent patients poses a diagnostic challenge.
Adolescents with PCOS are at an increased risk for developing other disorders, such as adulthood infertility, obstructive sleep apnea, diabetes mellitus, metabolic syndrome, and psychiatric morbidities (4) . Thus, an early diagnosis of PCOS in adolescents may allow for screening of metabolic complications and timely intervention to reduce circulating androgen levels and may improve health consequences and quality of life of women with this disorder.
The criteria used to diagnose adolescents with PCOS remain controversial. It is unclear whether the adult criteria for the diagnosis of PCOS may be adapted for diagnosis in the adolescent population. At the first international conference on PCOS at the National Institutes of Health in 1990, a diagnosis of PCOS required a combination of chronic anovulation and clinical or biochemical signs of hyperandrogenism and exclusion of other endocrine disorders. An expert meeting at Rotterdam in 2003 recommended that a diagnosis of PCOS be made when at least two of the three following features were present: chronic anovulation or oligoovulation, clinical or biochemical hyperandrogenism, and clearly defined polycystic ovaries on ultrasound. Polycystic ovarian morphology on ultrasound is defined as the presence of 12 or more follicles per ovary measuring 2-9 mm diameter and/or an ovarian volume < 10 mL (5). Historically, ultrasound was used to describe the ovarian morphology in women already diagnosed with PCOS rather than to establish a diagnosis of PCOS. The inclusion of polycystic ovarian morphology as one of the criteria for the diagnosis of PCOS sparked controversy as it widens the population of women who meet the criteria for PCOS (6) .
Different parameters to study ovarian function using ultrasonography have been proposed in adult patients, but there is still no consensus about their diagnostic value in adolescents. The classic routine transabdominal ultrasound gives information pertaining to ovarian volume and the location and number of follicles in each ovary (7) . Recent advances in ultrasonography have emphasized the importance of ovarian stromal area/ total area (S/A) ratio and its correlation to hyperandrogenism (8) . The purpose of this review is to evaluate the available studies of ultrasonography that have been performed in adolescent PCOS patients and highlight the role of ultrasound in diagnosis and management of PCOS in adolescents.
Methods
Relevant research concerning the use of ultrasound in adolescent PCOS patients was identified by doing a PubMed/Medline search. In order to ensure that relevant studies were not missed, the search terms used were "ultrasound", plus "adolescent", plus "polycystic ovary syndrome" anywhere in the title or abstract. Studies after 2003 until the current time frame were included in the study because the Rotterdam diagnostic criteria were updated in 2003 to include ultrasound assessment of polycystic ovarian morphology. Studies were eligible for consideration if (a) the study included PCOS subjects of adolescent age (10-19 years of age) and controls, and (b) ultrasound was performed to assess ovarian characteristics, including ovarian volume and/or ovarian follicular details. Studies were omitted if the patient population did not include adolescents or if the patient population was not already diagnosed with PCOS. In addition, we included studies with two-dimensional (2D) and three-dimensional (3D) ultrasound in older patients if the patient population included the adolescent age group.
Results of ovarian ultrasound studies in adolescents
Overall, nine studies conducted between 2003 and 2013 were identified, and seven were used in this review (8) (9) (10) (11) (12) (13) (14) . Two studies were excluded from our analysis because there was a lack of ultrasonographic quantitative data (15, 16) .
Two groups were created. Group A included five studies, which had PCOS adolescents with or without controls and used 2D ultrasound (9-11, 13, 14) . Group B included two studies, which consisted of both adolescents and young women and used 2D and 3D ultrasound (8, 12) .
Demographic characteristics of studies including adolescent PCOS patients and 2D ultrasound analysis (group A)
General characteristics of the studies assessed are presented in Table 1 . Group A included 262 PCOS patients in the age group of 10-19 years. Seventy percent of patients were overweight/obese, and 30% of patients were nonobese. Ethnic groups included Caucasian (46%), Asian (30%), Hispanic (19%), and African American (5%). Most Caucasians (94%) and Hispanics (95%) were overweight/ obese, and most Asians (86%) were non-obese. The mean age was 16.9, 15.4, and 15.9 years for non-obese PCOS, overweight/obese PCOS, and control patients, respectively. Ovarian volume, ovarian morphology, and serum androgen levels were assessed. Table 1 Characteristics of studies that used ultrasound to assess ovarian volume and morphology in PCOS adolescents. Study
Population
Variables assessed within study
Ethnicity (n)
Non-obese PCOS mean age ±
SD (n)
Overweight/Obese PCOS mean age ±
Controls mean age ± SD (n)
Ovarian volume
Ovarian morphology Serum testosterone levels
Stromal area/total ovarian area (S/A)
Group A a 1 Silfen et al. (11) C (16) H (22) AA (10) 16.1 ±
(11)
15.5 ±
(22)
14.4 ± (14) H (18) A ( The percent of patients that had > 10 follicles.
Ultrasound (2D) and biochemical features of studies including adolescent PCOS patients (group A)
Ultrasonographic and hormonal features of the PCOS studies are shown in Table 2 for group A. The overall mean ovarian volume was 9.29 ± 4.62 cm 3 for PCOS patients and 4.77 ± 2.30 cm 3 for controls (p < 0.001). This was calculated using studies that had both PCOS and control patients (9, 11, 13) . The morphology of ovarian follicles was reported in three of the studies, which showed peripheral and multiple follicles ( > 10) in 83% of cases (10, 11, 14) . Greater levels of androgens, including total and free testosterone, were found in the obese PCOS patients, compared with the controls in four studies (9, 11, 13, 14) .
Demographic characteristics of studies including adolescents and young women with PCOS and 3D ultrasound analysis (group B)
General characteristics of the studies assessed are presented in Table 1 . Group B included 157 PCOS patients in the age group of 15-35 years. Each study had unique patient populations. Battaglia et al. conducted a study that comprised 112 non-obese young Italian women (18-35 years) and 52 healthy age-matched volunteers (18-35 years) with normal ovulatory cycles. Ovarian volume, androgen levels, and stromal area to total ovarian area ratio (S/A ratio) were assessed using both 2D and 3D transvaginal ultrasound (8) . Sun and Fu evaluated ovarian volume, serum androgen levels, and S/A ratio using a 3D transrectal ultrasound in 45 obese Chinese adolescent and young women (15-25 years), 30 obese PCO patients (polycystic ovaries without clinical symptoms of PCOS, 15-25 years), and 25 healthy age-matched controls (12) .
3D Ultrasound and biochemical features of studies including adolescents and young women with PCOS (group B)
Ultrasonographic and hormonal features of the PCOS studies are shown in Table 2 for group B. The mean ovarian volume of group B using 3D ultrasound was 13.1 ± 3.2 cm 3 for PCOS patients and 6.3 ± 1.6 cm 3 for controls (p < 0.001). The average numbers of follicles were > 15 in all PCOS patients, and stromal area to total ovarian area (S/A) ratio was significantly higher in PCOS patients than in controls (8, 12) . In addition, there was a statistically significant difference in the S/A ratio between patients with PCOS vs. patients with PCO (12) . Stromal volume (SV) and stromal/ ovarian volume (SV/OV) ratio were significantly higher in PCOS patients than in controls, and ovarian vascularization significantly lower in controls than in PCOS patients (8) . Indices such as S/A ratio, SV, and SV/OV ratio were positively correlated with hyperandrogenemia in PCOS patients (8, 12) .
Discussion Ovarian volume
Pelvic ultrasound is an important tool used in the diagnosis of PCOS in adolescent girls and young women. One of the diagnostic criteria in the Rotterdam criteria includes the ultrasound evaluation of polycystic ovaries (the presence of 12 or more follicles per ovary measuring 2-9 mm diameter and/or an ovarian volume < 10 mL). Four of the seven studies done in adolescents revealed statistically significant differences in ovarian volume between PCOS patients and controls (8, 9, 12, 13). Shah et al. and Pawelczak et al. revealed that in a cohort of 74 overweight/obese PCOS adolescents, 40% of adolescents had an enlarged ovarian volume (10, 14) . Ovarian volume was also found to be similar in patients with PCOS and patients with polycystic ovaries but with no clinical manifestations of PCOS (12) . However, a mean ovarian volume may be < 10 mL in adolescents because of either a shorter duration or milder form of disease and may be influenced by stage of puberty. Thus, ovarian volume is important to evaluate in adolescent patients but is not enough in making a definitive diagnosis of PCOS in adolescents.
Morphology of the ovaries
Morphological characteristics of ovaries include number and location of the follicles distributed within the ovary, stromal echogenicity, and vascularization (17). Silfen et al. reported that 100% obese PCOS and 75% non-obese PCOS patients had multiple peripherally oriented ovarian follicles, compared with 31% of controls (11). Shah et al. and Pawelczak et al. reported that more than 80% of obese adolescent PCOS patients had > 10 follicles located peripherally (10, 14) . Figure 1 shows the peripherally located follicles in obese and non-obese PCOS adolescents, compared with a normal ovary. Figure 2 shows both transabdominal and transvaginal ultrasound of a polycystic ovary in an overweight PCOS adolescent.
The pathophysiology leading to this ultrasound finding is thought to be explained by phenomena put forth by Panchal et al. Androgen leads to proliferation of stromal and theca cells, leading to increased stroma. As the disease progresses and the stroma expands, the follicles in the central part of the ovary move out to the periphery, leading to a peripheral polycystic ovary. A peripheral cystic pattern is suggestive of a long-standing, more severe disease (17) . Thus, the number and distribution of ovarian follicles, even in the absence of an enlarged ovarian volume, can be suggestive of PCOS in adolescents. The radiological findings are most useful when combined with the clinical and biochemical findings consistent with PCOS (10).
Ovarian stromal area/total area (S/A) ratio
Studies using newer 3D ultrasound showed that the ovarian stromal area and S/A ratio were significantly greater in PCOS patients than in controls, as well as patients with polycystic ovaries, a condition known to C B A occur in 20% of the female population (8, 12, 18) . The S/A ratio was also significantly correlated with androgen levels and hirsutism (8, 12) .
It is thought that thickening of the ovarian stroma correlates with prominent theca and fibrotic thickening of the lutheal cell albuginea. Theca cells reside in the ovarian stroma and are responsible for androgen production. The androgens are required by the developing follicle and are transported to the granulosa cells for conversion into estrogens (19) . Ovarian stromal hypertrophy is involved in the pathophysiology of the PCOS, but its acceptance as a criterion for diagnosis of PCOS remains controversial (20) . The data strongly support the use of 3D ultrasound to assess S/A ratio in the diagnosis of PCOS, as it was found to be the parameter most closely correlated with androgen levels.
Comparison of 2D vs. 3D ultrasound techniques
In adolescents who are not sexually active, pelvic ultrasonography is preferred using the transabdominal approach. The resolution of the image may be suboptimal, especially in overweight and obese individuals, making evaluation of ovarian morphology more difficult (21) . The use of 2D sonography to assess ovarian stromal echogenicity has been criticized for user subjectivity and inaccurate reproducibility (8) . With the advent of 3D ultrasound, the transverse plane of the pelvis can be visualized, allowing for the ovary to be examined simultaneously in three orthogonal planes and for ovarian stroma measurement. Direct measurement of the ovarian stromal volume is done by subtraction of the total follicular volume from the total ovarian volume (8, 22) .
3D ultrasound assessment of ovarian morphology is less subjective than 2D ultrasound and allows for a more precise and objective assessment of ovarian volume, total ovarian area, stromal area, and overall blood flow within the ovary (8) . The hyperechogenicity of the ovarian stroma seen in patients with PCOS is useful for differentiation of multicystic ovaries normally seen in adolescence (17) . Using a 3D transabdominal probe in the adolescent population to assess the S/A ratio may pose a challenge as the resolution of the scan is decreased because there is an increased distance between the probe and ovary, compared with the transvaginal method. Research studies need to be done to assess whether using a 3D transabdominal probe is a feasible method to assess ovarian features, especially S/A ratio, in both the non-obese and obese adolescent population.
Vascularization
Most research evaluating changes in ovarian vascularization in PCOS has occurred in young women. Studies have showed that increased ovarian blood flow is a common feature in PCOS patients (23, 24) . Battaglia et al. showed that stromal 3D power Doppler indices were significantly greater in PCOS women compared with controls (8) . Similarly, other studies have showed that total ovarian vascularization index, flow index, and vascularization flow were significantly higher in normal weight PCOS women compared with overweight PCOS women (17, 25, 26) . Vascularization analysis has also proven to be an important tool when a clinician is assessing infertility and response to fertility treatment in women (27, 28) .
It is thought that elevated luteinizing hormone (LH) levels may be accountable for increased stromal vascularization through a variety of mechanisms: neoangiogenesis, catecholaminergic stimulation, leukocyte and cytokine activation, and elevated levels of vascular endothelial growth factor (8, 17) . With the recent advances of 3D ultrasound, the detection of an increased stromal Doppler signal may be a possible ultrasound marker in the diagnosis of PCOS. 
Correlation of radiologic findings to biochemical findings
Increased ovarian volume was significantly associated with circulating testosterone and insulin and indications of insulin resistance (11, 13) . Sun and Fu revealed that there was a significant correlation between S/A ratio and testosterone level. The ovarian stromal area was also found to correlate with LH and LH/FSH levels (12). Battaglia et al. reported that ovarian stroma/total ovarian volume ratio was the most accurate predictor of both hyperandrogenemia and hirsutism (8) .
Hyperinsulinemia and elevated serum LH levels play an important role in ovarian enlargement and androgen synthesis in PCOS patients. In vitro studies have showed that insulin promotes theca cell proliferation and androgen production. Insulin also stimulates insulin-like growth factor I (IGF-I), which binds to IGF receptors on theca cells to promote more androgen production (19) . Insulin also inhibits hepatic synthesis of sex hormonebinding globulin, thus increasing the free testosterone in circulation (29) . In a clinical situation, it is advisable to obtain both radiologic and biochemical tests when PCOS is suspected. However, not all clinical, biochemical, and radiologic features may be present in an individual case.
Conclusion
Currently, ultrasonography is not diagnostic of PCOS in adolescents but provides supportive evidence, mainly in the setting of an enlarged ovarian volume. Ovarian volume is important to evaluate in adolescents but is not enough in making a definitive diagnosis of PCOS.
Although morphologic sonographic features, such as peripheral distribution of follicles, increased stromal area, and vascularization are not included in the diagnostic criteria for PCOS, they may have significant potential to increase the accuracy of diagnosis of PCOS in adolescents. Thus, ovarian volume and morphology should be assessed with 2D ultrasound while working up cases of PCOS.
With the advent of new technology, such as 3D ultrasound, ultrasound analysis allows for a more precise and objective assessment of not only ovarian morphology but also stromal area, volume, and overall blood flow within the ovary. Further studies are warranted to evaluate the utility of 3D ultrasonographic assessment in adolescents with PCOS.
